Abstract The evolution in time of the thermal vertical stratification of the Baltic Sea in future climate is studied using a 3D ocean model. Comparing periods at the end of the twentieth and twenty first centuries we found a strong increase in stratification at the bottom of the mixed layer in the northern Baltic Sea. In order to understand the causes of this increase, a sensitivity analysis is performed. We found that the increased vertical stratification is explained by a major change in re-stratification during spring solely caused by the increase of the mean temperature. As in present climate winter temperatures in the Baltic are often below the temperature of maximum density, warming causes thermal convection. Re-stratification during the beginning of spring is then triggered by the spreading of freshwater. This process is believed to be important for the onset of the spring bloom. In future climate, temperatures are expected to be usually higher than the temperature of maximum density and thermally induced stratification will start without prior thermal convection. Thus, freshwater controlled re-stratification during spring is not an important process anymore. We employed a simple box model and used sensitivity experiments with the 3D ocean model to delineate the processes involved and to quantify the impact of changing freshwater supply on the thermal stratification in the Baltic Sea. It is suggested that these stratification changes may have an important impact on vertical nutrient fluxes and the intensity of the spring bloom in future climate of the Baltic Sea.
Introduction
The Baltic Sea is one of the largest brackish waters in the world [377,400 km 2 (Sjöberg 1992) ] and, although its dynamical features are very close to that of an oceanic basin in many aspects, its low salinity makes it a climatological niche (Stipa 2002; Stipa and Seppälä 2002) . This specific feature is not only related to the ecosystem that may develop under such conditions, but also to the vertical stratification and connected vertical nutrient fluxes. The seasonal cycle of vertical stratification in the Baltic Sea has been extensively studied in previous studies (e.g., Eilola 1997; Eilola and Stigebrandt 1998) . For instance, Eilola and Stigebrandt (1998) showed that the mechanism that enables the start of the spring stratification is related with the arrival of juvenile freshwater in the Baltic proper, which is the central area of the Baltic Sea. Eilola (1997) showed that after a cold winter the sea surface temperature (SST) can be often below the temperature of maximum density. Therefore, an increase of SST at spring time can increase the surface density and is unlikely to increase stratification above the permanent pycnocline before the entire mixed layer reaches the temperature of maximum density in a similar process as found in lakes (Farmer and Carmack 1981) . The development of a spring thermocline before the entire mixed layer reaches the temperature of maximum density is therefore ensured only because of a lower surface salinity mostly related with the arrival of new freshwater in the Baltic proper. It was suggested that the transport of this juvenile freshwater is caused by either eddy diffusion (Stipa and Seppälä 2002) or by wind scattering (Eilola and Stigebrandt 1998) .
However, the salinity decrease close to the surface coincides with a salinity increase below 30 m (Eilola 1997) . Moreover, Eilola (1997) showed that only a sudden freshwater pulse can provide the haline surface stratification. This finding suggests that it is not a real transport of juvenile freshwater into the centre of the Baltic proper that ensures re-stratification but rather a wave. Hordoir and Meier (2010) showed that the actual arrival of juvenile freshwater occurs later at the end of the summer in the Baltic proper. The same tilting of salinity profiles as in observations was found in a non eddy-resolving model of the Baltic Sea confirming that only a wave could create such a sudden decrease of salinity.
In this study the above mentioned processes determining vertical stratification in the upper water column of the Baltic in future climate are investigated. We aim to answer the following questions: How will the seasonal cycle of stratification change in future climate? What will be the mechanisms that control it? These questions are addressed using a 3D ocean model driven by projected atmospheric forcing and data at the lateral boundary. Our strategy is to perform a series of sensitivity experiments in order to understand what drives the stratification increase. A simple box model is employed to explain the process.
In Sect. 2, the ocean model is presented and the forcing data set is introduced. In Sect. 3, we present results of these simulations both for the entire Baltic Sea and for selected cross-sections. We also formulate a hypothesis which explains these results. A box model is applied to underpin our hypothesis. Finally, the study is finalised in Sect. 4 with summary and conclusions.
Methods and models

Circulation model
We use the Rossby Centre Ocean model (RCO) which domain covers the entire Baltic Sea (Meier et al. 2003) . It has a horizontal resolution of two nautical miles (about 3:7 km). The 83 vertical layers are equally thick with a layer thickness of 3 m. A mode splitting approach between barotropic and baroclinic modes is applied to reduce the computational burden. The baroclinic and barotropic time steps amount to 150 and 15 s, respectively. The open boundary conditions in the northern Kattegat between Denmark and Sweden are based on prescribed sea surface heights (SSHs) at the lateral boundary and radiation conditions for baroclinic variables. In case of inflow temperature and salinity variables are nudged towards prescribed profiles. For a detailed model description the reader is referred to Meier et al. (2003) and Meier (2007) . Hordoir and Meier (2010) used atmospheric forcing data based upon a regionalised ERA40 re-analysis and observations both for runoff and at the open boundary in the northern Kattegat. In difference, in the present study atmospheric forcing data from a transient climate scenario simulation for 1960-2100 are used. These data were extracted from a simulation using the regional, coupled Rossby Centre Atmosphere Ocean model (RCAO) driven with lateral boundary data from the global climate model HadCM3 from the Hadley Centre in the UK (Gordon et al. 2000) . In this simulation the greenhouse gas emission scenario A1B is assumed (Nakićenović et al. 2000) .
For 1960-2007 monthly runoff data from observations are used. After 2007 runoff data are extracted randomly from the control period 1960-2007 and a trend is added. For 2008-2100 we considered three scenarios with no trend, 20% increase and 20% decrease of the runoff at the end of the century compared to the control period. Hence, in each of the three scenario simulations the inter-annual variability is identical because it is based upon the same randomly generated data.
At the open boundary in the northern Kattegat in case of inflow climatologically mean temperature and salinity profiles during the whole period 1960-2100 are nudged assuming that the water temperature changes in Kattegat are mainly related to air temperature changes and not to changes of horizontal advection following the approach by Meier (2006) .
The main forcing function controlling the water exchange between the Baltic Sea and North Sea is the SSH at the lateral boundary in the northern Kattegat. Together with the wind fields over the region SSH drives salt water inflows and controls the salt content in the Baltic Sea (Gustafsson and Andersson 2001) . In order to compute the SSH at the open boundary we use the approach by Gustafsson and Andersson (2001) . Thus, SSH is computed from the meridional pressure gradient across the North Sea. This method is however extended in order to improve SSH variability of present climate. A statistical correction is applied in order to obtain the same SSH standard deviation during the control period than in observations. Test experiments indicate that salinity in the Baltic Sea decreases dramatically if no correction is applied. The reason for this artificial response is a too smooth horizontal SLP (Sea Level Pressure) gradient across the North Sea in both GCM and re-analysis driven simulations.
Analysis details
The analysis focused on two time slices of the transient simulation 1960-2100. The two periods, P1 and P2, cover 1968-1999 and 2062-2093, respectively . Stratification changes between P2 and P1 were analysed. Seasonal mean vertical cross sections in some sub-basins (see Fig. 1 for cross section locations) of temperature, salinity and the Brunt-Väisälä frequency were investigated.
As mentioned above, the results of three sensitivity experiments were compared assuming runoff with no change, 20% increase and 20% decrease at the end of the century. In addition, cause-and-effect experiments were performed in order to understand the origin of changes in future climate. These cause-and-effect experiments basically studied the influence of wind changes between period P1 and P2, or the effect of any change of the forcing like relative humidity, cloudiness, etc. The experiments, which are not detailed in the present study, permitted to conclude that the changes in stratification structure were only related to air temperature changes. In order to concentrate on the effect of changing air temperature, we created an artificial forcing set that is applied after the control period P1. This forcing is created using a random distribution of years of atmospheric fields selected from the period P1. For each year later than 2007 (the last year of period P1) randomly a year of the period P1 was chosen for the wind forcing, cloudiness, solar radiation etc., but excluding air temperature. These artificial forcing fields are chosen to perform the experiments described in this article.
Conceptual model
A simplified conceptual model based on the relation between stratification and the expansion coefficient of a theoretical mixed layer in a brackish ocean is developed. This conceptual approach is not meant to give any realistic quantitative results but rather an explanation of the response of the seasonal thermocline in an estuary in warmer climate.
The model assumes that the thermal expansion coefficient a in an ocean where pressure has little influence depends linearly on temperature for a given salinity around the point of maximum density. Note that the thermal expansion coefficient is zero at the point of maximum density. Thus, we assume that the relation between a and T -T m can be considered as being linear close to the point of maximum density where T and T m are temperature and the temperature of maximum density, respectively. Fitting this hypothesis to the a coefficient that can be computed based on the equation of state of sea water (e.g., Gill 1982) , the expansion coefficient a expressed in K -1 is assumed to be given by
The model consists now of the following set of equations describing the seasonal thermocline for given salinity:
The variables are explained in Table 1 . For basic equations the reader is referred to oceanographic text books (e.g. Gill 1982) . Equation 2 assumes that buoyancy is independent of depth within the mixed layer and that it is only a function of the heat flux divergence into the mixed layer (Stipa and Seppälä 2002) . Equation 3 assumes that the temperature is also constant within the mixed layer. Based on this simplified approach the heat flux transmitted to the water column below the mixed layer depth and the heat fluxes into the mixed layer are estimated (Eqs. 5, 4).
The equations of the conceptual model are initialised with a buoyancy of 1 N m À3 . The time evolution of the buoyancy is computed for a period of 100 days. Convergence is obtained for each time step based on a simple iteration method. Finally, for a given temperature the buoyancy at the end of the 100-day period is calculated and compared with the result for a given temperature which is 3°C higher. The calculation is performed for an initial temperature of 3°C below the temperature of maximum density and for another one with 2.5°C above the temperature of maximum density.
Results
Scenario simulation with constant runoff
3.1.1 Increased thermal stratification during spring and summer Figure 1 shows the annual mean sea surface temperature (SST) during P1 and P2. One can notice an increase of SST of around 2-3°in most parts of the Baltic Sea, which is consistent with the mean air temperature increase. This result could be expected if one looks at the annual mean temperature increase, and will therefore not be the main focus of this study that concentrates mostly on stratification changes. Figures 2, 3 and 4 show the seasonal mean changes of the Brunt-Väisälä frequency and water temperature at the cross-sections A, B and C (for the locations see Fig. 1) . A large increase of the stratification at the bottom of the mixed layer during spring and summer is observed. This increase is smaller for the southernmost sub-basins, but increases towards the North with highest values in the Bothnian Bay. For the northern sub-basins, this stratification increase at the bottom of the mixed layer during summer coincides with a stratification decrease below the mixed layer depth. We found that the stratification changes are mainly caused by water temperature changes. One can also notice that the stratification increase becomes more important as one goes from cross-section A towards crosssection C. We shall see and explain later in the present article that this amplification of stratification increase from south towards north, correlates with mean water temperature decrease and/or salinity decrease from southern towards northern cross-sections.
Cause-and-effect studies were performed to investigate the impact of changing cloudiness, wind or air temperature. For instance, the increase of the stratification at the bottom of the mixed layer could have been caused by either decreasing cloudiness or increasing wind speed in future climate during spring and summer. However, we found no significant impact from cloudiness changes or wind changes. Actually cloudiness increases slightly between P1 and P2, and we could not find any significant wind regime changes. Finally, we found that increasing air temperature and specific humidity explain the thermal stratification changes at the bottom of the mixed layer indicating a lack of thermal convection during spring in future climate. Figure 5 shows the mean temperature profiles for present and future climates at the three cross-sections. The profile for the temperature of maximum density is also shown. Figure 5 shows an increase of temperature in all subbasins. Below the surface layer with a pronounced seasonal cycle the temperature increases with about 3°C. Also the increase of the thermal stratification from South towards North is visible.
The stratification increase might be caused either by a changing thermal expansion coefficient or by a changing seasonal cycle of de-stratification and re-stratification or by both (cf. Eq. 3 by Stipa and Seppälä 2002) . A change in the seasonal cycle of de-stratification and re-stratification can be caused by the lack of ice (Meier et al. 2004 (Meier et al. , 2011 , which enables a faster spring re-stratification due to changes in the ice-albedo. However, the temperature profiles of Fig. 5 suggest that the lack of sea ice is not the only reason for a delayed thermal re-stratification during present climate (P1). The physics associated with the value of the expansion coefficient should also be considered, and they are for the case of brackish water, heavily related with the value of the temperature of maximum density.
Winter water temperatures may be lower than the temperature of maximum density and thermal convection during the spring heating period may delay re-stratification as well. Usually the water temperature in the Bothnian Bay is at the temperature of maximum density when the sea ice has vanished already. Thus, in all areas of the Baltic Sea with winter SSTs at least occasionally below the temperature of maximum density stratification can not start before thermal convection has occurred or before spreading juvenile freshwater has caused a haline re-stratification (Fig. 5; cf. Eilola 1997; Hordoir and Meier 2010) .
In future climate (P2) water temperatures in the Baltic proper and Bothnian Sea are always higher than the corresponding temperatures of maximum density (Fig. 5) . Thus, thermal convection during spring will not occur anymore. Only in the Bothnian Bay winter temperatures will be lower than the temperature of maximum density. Therefore, for most areas of the Baltic Sea re-stratification during spring will become independent of the spreading of juvenile freshwater which enables an earlier start of the re-stratification and consequently higher vertical stratification during summer (Figs. 2, 3 and 4) . This influence of juvenile freshwater spreading was shown by Eilola (1997) to occur at the end of April or beginning of May, which coincides well with the results obtained by Hordoir and Meier (2010) . Our results suggest that the spring stratification above the temperature of maximum density could happen before, thus decoupling the thermal stratification from the haline stratification. In the Bothnian Bay SSTs during May in future climate (P2) will be relatively high. In present climate (P1) May is still a month with cold SSTs below the temperature of maximum density and lower than bottom temperatures.
Such a situation can only occur in cold brackish water bodies like the Baltic Sea. In the Bothnian Bay the spring mean temperature change between P2 and P1 results in a decrease of stratification because water masses located Fig. 5 Temperature and salinity profiles at the three cross-sections A (South-Gotland Basin), B (Bothnian Sea) and C (Bothnian Bay) for January to June (see colour code) for P1 (solid lines) and P2 (dashed lines). The black thick line shows the temperature of maximum density variation range. The seasonal cycle of salinity shows the spring stratification increase that contributes to start spring re-stratification in present climate (Eilola 1997) below the mixed layer will be warmer, and therefore heavier (Fig. 4) .
We conclude that in the Baltic Sea a change of spring and summer re-stratification due to climate change can be expected. In present climate the re-stratification during spring results from the combined effect of the baroclinic freshwater wave occurring at spring time (Hordoir and Meier 2010) and from increasing surface heat fluxes. As a consequence the surface layer will get stratified during spring with temperatures below the temperature of maximum density. In future climate the temperature increase results in higher values of the expansion coefficient and in a lack of thermal convection during spring in some areas of the Baltic. In most sub-basins the arrival of juvenile freshwater (or to be precise the surface salinity decrease, see Hordoir and Meier 2010) is not a pre-requisite for the spring re-stratification anymore when winter temperatures are below the temperature of maximum density (Eilola 1997 ). Higher water temperature in future climate will mean that winter temperatures are either always above the temperature of maximum density or rather close to this limit which would enable a faster thermal re-stratification. Re-stratification will become more controlled by the thermal expansion coefficient.
However, a main question remains unanswered. Why is the future stratification increase larger in the northern than in the southern Baltic? Of course, we have already mentioned in the present article that the lack of ice could explain partially this effect, but it cannot explain entirely this effect as ice has often already disappeared in many regions of the Bothnian Sea for example when spring/ summer restratification occurs. Therefore further investigation is required. Figure 6 shows the increase of the Brunt-Väisälä frequency along a path through the Baltic Sea in summer. Correlating the stratification changes with either summer mean salinity or temperature anomalies with respect to the southern most location of the investigated path results in explained correlation coefficients r 2 of 0.85 and 0.9 for salinity and temperature, respectively. These significant correlations show that the stratification increase in future climate is larger in colder and/or fresher water.
Amplification of the effect from south towards north
To better understand the process of changing spring stratification we have employed a box model (Sect. 2.3). For each initial temperature (T init ) we have computed the buoyancy evolution during 100 days (Fig. 7) . Warming causes buoyancy differences of 7.16, and 4:8 N m À3 when the temperature is 3°C below and 2.5°C above the temperature of maximum density, respectively.
In the first case of a temperature of 3°C below the temperature of maximum density P1 is characterised by decreasing and stagnating buoyancy while the water column is warming during spring whereas in P2 buoyancy increases immediately.
On the contrary, in the second case of a temperature of 2.5°C above the temperature of maximum density the Fig. 6 Summer Brunt-Väisälä frequency differences at the base of the mixed layer (left panel) as a function of distance along a path through the Baltic (right panel). The colour scale allows to identify the location of the Brunt-Väisälä frequency changes along the path evolution of the stratification in time in P1 and P2 are much closer than in the first case. Spring heating has a smaller impact on the buoyancy increase for temperatures above than for temperatures below the temperature of maximum density. For a temperature increase of temperatures already higher than the temperature of maximum density the impact of the shutdown of thermal convection is not important. On the other hand, for places where present climate temperature is close or even below the temperature of maximum density, a temperature increase will cause a larger buoyancy difference at the end of the heating period by solar radiation. This explains also the high degree of correlation found between stratification increase and both present climate temperature and salinity difference anomalies.
Scenario simulations with increased or decreased runoff
We made two additional simulations with different runoff datasets. In these experiments runoff is increased or decreased by 20% at the end of the century. In the following, only air temperature and specific humidity changes are considered as atmospheric forcing in future climate as described above. Figure 8 shows the mean vertical profiles of stratification changes in June for the three simulations (constant, increasing and decreasing runoff). Decreasing runoff increases the thermal stratification at the bottom of the mixed layer compared to the reference experiment with constant runoff. At each cross section this change of stratification occurs precisely at the same depth at which the maximum of stratification increase is located (Figs. 2, 3 and 4). This depth is well below the depth range of seasonal salinity changes.
On the other hand, higher runoff limits the effect of thermal stratification increase. This behaviour is closely related with the brackish nature of the Baltic Sea. Low salinity in brackish environments results on having temperatures located close to the temperature of maximum density causing changes of the physical behaviour of the water masses whenever the temperature will change. Below the depth of maximum stratification increase, stratification differences between the three simulations are actually smaller. This confirms that the thermal stratification is closely related with the brackish nature of the Baltic Sea. By changing the runoff into the Baltic Sea, the mean salinity is altered (about ± 2 PSU salinity changes) causing a change in the temperature of maximum density.
Summary and conclusions
In this study, we have focused our attention on future stratification changes in the upper part of the water column. Based on numerical model results, we have shown that there might be a switch between processes controlling the seasonal cycle of stratification in the Baltic Sea at the end of the twenty first century. Based on the first set of our sensitivity experiments we could show that only the air temperature increase was responsible for the increased stratification at the bottom of the mixed layer. In the scenario simulation neither a change in wind forcing nor a change in solar radiation was detected that would explain this change in stratification.
In future climate, changing spring and summer stratification at the bottom of the mixed layer will increase towards the North. We found that the impact of warmer temperatures on the stratification will be larger at places where in present climate mean temperatures are below the temperature of maximum density during most of the year. This is explained by the occurrence of thermal convection which delays thermal re-stratification in present climate. In future climate the mean temperatures will be larger than The left and right panels show the buoyancy evolution when the temperature is 3°C below and 2.5°C above the temperature of maximum density in P1, respectively the temperature of maximum density and the spring and summer stratification will be stronger.
Based on a second set of sensitivity experiments in which the runoff changes towards the end of the twenty first century, we confirmed that the change of stratification is due to the brackish nature of the Baltic Sea. Larger runoff would mean lower salinity and higher temperature of maximum density. Hence, if river runoff will increase in the Baltic Sea in future climate, spring and summer water temperatures will not necessarily be larger than the temperature of maximum density and spring re-stratification might be delayed due to thermal convection as in present climate. A decrease in runoff would of course create the opposite effect, that is an even greater increase of spring and summer thermal stratification.
The brackish nature of the Baltic Sea is mainly responsible for this behaviour. The relatively cold temperatures in the Baltic Sea are close to the temperature of maximum density, that is the point where the expansion coefficient can become zero. In the present case, the main change of the physical behaviour of the Baltic Sea comes from a switch from a cycle in which the expansion coefficient may be positive or negative into a cycle with only positive values. Because of this brackish nature in conjunction with cold temperatures, we conclude that climate change might affect stratification during the spring bloom significantly. The impact of a larger stratification at the bottom of the mixed layer on biogeochemical cycles will be investigated in future studies.
